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We have performed an in situ angle-resolved photoemission spectroscopy (ARPES) on single-
crystal surfaces of La0.6Sr0.4MnO3 (LSMO) thin films grown on SrTiO3 (001) substrates by laser
molecular beam epitaxy, and investigated the electronic structure near the Fermi level (EF ). The
experimental results were compared with the band-structure calculation based on LDA + U . The
band structure of LSMO thin films consists of several highly dispersive O 2p derived bands in the
binding energy range of 2.0 - 6.0 eV and Mn 3d derived bands near EF . ARPES spectra around the
Γ point show a dispersive band near EF indicative of an electron pocket centered at the Γ point,
although it was not so clearly resolved as an electronlike pocket due to the suppression of spectral
weight in the vicinity of EF . Compared with the band-structure calculation, the observed conduction
band is assigned to the Mn 3deg majority-spin band responsible for the half-metallic nature of
LSMO. We have found that the estimated size of the Fermi surface is consistent with the prediction
of the band-structure calculation, while the band width becomes significantly narrower than the
calculation. Also, the intensity near EF is strongly reduced. The origin of these discrepancies
between the experiment and the calculation is discussed.
PACS numbers: 71.18.+y, 71.30.+h, 79.60.-i, 75.47.Lx
I. INTRODUCTION
Hole-doped perovskite manganese oxides
La1−xSrxMnO3 (LSMO) have attracted consider-
able attention because of their interesting magnetic and
electrical properties, such as colossal magnetoresistance
(CMR) and composition- and temperature-dependent
metal-insulator transition [1, 2]. In the ferromagnetic
metallic phase (0.17 < x < 0.5), it has been considered
that the system is in the half-metallic state. The
ferromagnetic ground state of LSMO has been discussed
in the framework of the double exchange (DE) model
[3, 4]: holes doped into the Mn 3d band of eg symmetry
are considered as mobile charge carriers; they are
subject to a strong Hund’s coupling to the localized
Mn4+ (S = 3/2) spins, leading to a fully spin-polarized
Mn 3d eg-derived conduction band. However, recent
theoretical and experimental studies have revealed
that dynamical Jahn-Teller (JT) effect or local lattice
distortion also plays an important role in CMR [5, 6].
Precise information about the complicated electronic
structure of these materials is therefore necessary for a
proper understanding of the unusual physical properties
in LSMO.
Angle-resolved photoemission spectroscopy (ARPES)
is a unique and powerful experimental technique to de-
termine the band structure of a solid and has long played
a central role in the studies of the electronic properties of
strongly correlated electron systems [7]. However, there
have been few ARPES studies on transition metal oxides
(TMO) with three-dimensional perovskite structures like
LSMO. This is in sharp contrast to the intensive ARPES
studies on high-TC cuprate superconductors with layered
structures [8, 9]. This is mainly due to the difficulty
in obtaining single-crystal surfaces of TMO crystals by
standard surface preparation techniques such as cleav-
ing or sputtering and annealing. The lack of information
about their band structures near the Fermi level (EF ),
especially the Fermi surface (FS), has limited the under-
standing of the physics of the perovskite-type TMO’s.
Recent progress in the laser molecular-beam epitaxy
(MBE) technique has enabled us to grow TMO films
by controlling their growth process on an atomic level
[10, 11]. By using well-defined surfaces of epitaxial
films, we have studied the band structures of TMO’s
and demonstrated that in situ ARPES measurements
on such TMO films are one of the most ideal methods
to investigate the band structure of TMO’s with three-
dimensional crystal structures [12, 13, 14]. Recently, the
complex band structure near EF of LSMO was reported
in an ARPES study of epitaxial LSMO x = 0.34 films,
and the coexistence of one-dimensional state along the
out-of-plane direction and two- (three-) dimensional band
structure was suggested [15]. In this paper, we report on
2in-situ ARPES results of single-crystal surfaces of LSMO
x = 0.4 thin films grown on SrTiO3 (001) substrates.
We have clearly observed the Mn 3deg derived conduc-
tion band centered at the Γ point, which is responsible
for the half-metallic behavior of LSMO x = 0.4. Com-
paring the present ARPES results with band-structure
calculation, we discuss the electronic structure near EF
of LSMO.
II. EXPERIMENTAL
Experiments were carried out using a photoemission
spectroscopy (PES) system combined with a laser MBE
chamber, which was installed at beamline BL-1C of the
Photon Factory, KEK [12]. The LSMO x = 0.4 thin films
were grown epitaxially on SrTiO3 (STO) substrates by
pulsed laser deposition. Sintered LSMO x = 0.4 pellets
were used as ablation targets. A Nd: YAG laser was
used for ablation in its frequency-triple mode (λ = 355
nm) at a repetition rate of 1 Hz. The wet-etched STO
(001) substrates [16] were annealed at 1050 ◦C at an oxy-
gen pressure of 1×10−6 Torr before deposition to obtain
an atomically flat TiO2-terminated surface. LSMO thin
films with a thickness of about 400 A˚ were deposited on
the TiO2-terminated STO substrates at a substrate tem-
perature of 1050 ◦C and at an oxygen pressure of 1×10−4
Torr [17, 18]. The intensity of the specular spot in reflec-
tion high-energy electron-diffraction (RHEED) patterns
was monitored during the deposition to determine the
surface morphology and the film growth rate. Layer-by-
layer growth of the LSMO thin films was confirmed by
the observation of clear RHEED oscillations. The thin
films were subsequently annealed at 400 ◦C for 45 min-
utes at atmospheric pressure of oxygen to remove oxygen
vacancies. After cooling down below 100 ◦C, the films
were moved into the photoemission chamber under a vac-
uum of 10−10 Torr. The ARPES spectra were taken at
25 K using a Gammadata SCIENTA SES-100 electron-
energy analyzer in the angle-resolved mode. The total
energy and angular resolution was set at about 150 meV
and 0.5◦, respectively. The Fermi level of the samples
was referred to that of a gold foil which was in electri-
cal contact with the sample. The surface structure and
cleanness of the vacuum-transferred LSMO films were
checked by low energy electron diffraction (LEED) and
core-level photoemission. The sharp 1×1 spots and some
surface reconstruction-derived spots were observed, con-
firming the well-ordered surface of the films. The O 1s
core level showed a sharp single peak, and no C 1s peak
was observed. These results indicate that no cleaning
procedures were needed for the in situ ARPES measure-
ment [12, 19]. The surface morphology of the measured
films was analyzed by ex situ atomic force microscopy in
air and atomically flat step-and-terrace structures were
observed. The crystal structure was characterized by
four-circle X-ray diffraction (XRD), confirming coherent
growth of the films on the substrates. The Curie temper-
ature of measured films was determined to be 354 K using
a superconducting quantum interference device (SQUID)
magnetometer, nearly the same as the reported values
[19, 20].
III. RESULTS AND DISCUSSION
Figure 1 shows ARPES spectra of an LSMO thin film
measured at 25 K with photon energy of 88 eV along the
”Γ-X direction” in the tetragonal Brillouin-zone (BZ) of
an epitaxial LSMO thin film. The polar angle (θ) was
measured from the (001) surface normal. Due to the
short escape depth of photoelectrons, however, there is
substantial broadening of momentum of photoelectrons
perpendicular to the surface (kz), while the momentum
parallel to the surface is conserved. Under such condi-
tions, the ARPES spectra are integrated along the kz
direction over ∼20 % of the Brillouin zone and therefore
reflect band dispersions along the high-symmetry line (a
Γ-X line in the present case) as a result of relatively large
density of states on the high-symmetry line even though
the momentum determined in a free-electron final state
model deviates from high-symmetry lines. The ARPES
spectra exhibit considerable and systematic changes as
a function of the polar angle; highly dispersive features
with a dispersional band width of about 2 eV exist in
the binding energy range of 2.0 - 6.0 eV, while almost
dispersionless features are observed at about 1.5 eV. In
the vicinity of the Fermi level, one notices a small but
distinct dispersive feature around the binding energy of
0.5 eV in the region of θ = −3.6◦ - 3.6◦ and 16.4◦ - 23.6◦
(i.e. around the Γ point), suggesting the existence of an
electron pocket at the center of BZ.
In order to see more clearly the dispersive feature of the
bands in the ARPES spectra, we have mapped out the ex-
perimental gband structureh in Fig. 2(a). Here, the band
structure has been obtained by taking the second deriva-
tive of the ARPES spectra after smoothing and plotting
the intensity in the gray scale [21]. Dark parts correspond
to the energy bands. As expected from ARPES spec-
tra shown in Fig. 1, several highly dispersive bands at
higher binding energies and almost dispersionless struc-
tures at about 1.5 eV are clearly observed. The experi-
mental band structure is almost symmetric with respect
to the high-symmetry points in the BZ of the LSMO thin
film. In Fig. 2(a), we find that each band at the equiva-
lent k points (Γ003 and Γ103 points) has almost the same
energy levels. This means that the perpendicular com-
ponent of the photoelectron momentum is broadened. It
should be noted that we also measured ARPES spectra
with varying the photon energy, and confirmed that the
energy positions are almost identical when the deviation
of k-perpendicular from the Γ-X high-symmetry line is
within ±20 % of the reciprocal lattice length along k-
perpendicular direction.
Next, we compare the experimental band structure ob-
tained by ARPES with the band-structure calculation for
3FIG. 1: In-situ angle-resolved photoemission spectra along Γ-
X direction of a La0.6Sr0.4MnO3 thin film grown epitaxially
on a SrTiO3 substrate by laser MBE. Polar angle (θ) referred
to the surface normal is indicated.
LSMO based on the local density approximation (LDA)
including on-site Coulomb interactions U (Fig. 2(b)).
The calculation is performed with U = 2 eV using the
virtual crystal approximation for the La/Sr site to ac-
count for the doping level of 0.4 holes per Mn site. The
tetragonal crystal structure of the LSMO films due to
tensile strain given by STO substrates is also taken into
account (The a-axis length d // of 0.391 nm and the c-
axis length d⊥ of 0.383 nm, which are determined by
the XRD measurements, are used.). The space of the
electronic states is separated into the subspace of the
localized orbitals, for which the Coulomb interaction be-
tween electrons is explicitly taken into account, and the
subspace of the delocalized states, for which the orbital
independent Kohn-Sham one electron potential is consid-
ered to be a good approximation [22, 23, 24]. The solid
and dashed lines correspond to the majority and minor-
ity bands, respectively. As found in Fig. 2, the overall
feature of the experimental band structure shows qualita-
tively good agreement with the LDA + U band-structure
calculation. According to the band-structure calculation,
several highly dispersive bands at higher binding energies
originate mainly from the O 2p dominant states, while
the dispersionless band located at about 1.5 eV is as-
signed to the Mn 3d states. We also find a small portion
of a dispersive band near EF at the Γ point, which may
be ascribed to the electron pocket at the Γ point pre-
dicted by the band-structure calculation.
@ Since the electron FS is fully spin polarized and is
responsible for the half metallic state according to the
calculation, it is essential to investigate the behavior of
the dispersive band near EF and its EF crossing in more
detail. We show the ARPES spectra around the Γ103
point in the near-EF region as shown in Fig. 3 on an ex-
panded scale. The dispersion is more clearly seen around
the Γ103 point than in the equivalent Γ003 point owing
mainly to matrix-element effects. In Fig. 3, one finds
at least two dispersive bands near EF (denoted by A
and B). The dispersion of band B is more clearly seen in
the band mapping of the second-derivative ARPES spec-
tra as shown in Fig. 2(a) or Fig. 5(a). The dispersive
band with relatively broad ARPES peaks in the energy
range of 0.5 - 1.2 eV has been reported in the recent
ARPES measurements in both normal emission geome-
try with varying the photon energy and off normal geom-
etry along different lines in the BZ [15]. The observation
of the broad features in different k points of the BZ in-
dicates that band B originates from the occupied band
below the binding energy of 0.5 eV. On the other hand,
the dispersive band A around θ = 20◦ exhibits symmetric
energy dispersion with respect to θ = 20◦ as shown by
filled or opened triangles. It has a bottom at 0.5-eV bind-
ing energy at θ = 19.6 - 20.4◦ and gradually approaches
EF with increasing or decreasing polar angle. This sug-
gests that band A crosses EF and enters the unoccupied
states around θ = 16.4◦ (and 23.6◦) owing to the strong
suppression in its spectral intensity as it approaches EF .
The sudden appearance of spectral weight at EF around
16-18◦ with increasing θ (around 22-24◦ with increasing
θ) can be attributed to the EF crossing. The Fermi edge
emerges in the ARPES spectra at θ = 16.4◦ with increas-
ing θ and persists up to θ = 23.6◦. The existence of a
Fermi edge responsible for the metallic nature of LSMO
is clearly seen by comparing the ARPES spectra with
the gold Fermi edge as shown in Fig. 4(a). In contrast,
the ARPES spectra outside the electron pocket exhibit
a concave line shape around EF and no Fermi cutoff,
suggesting the crossing of band A to EF . The appear-
ance of the Fermi edge inside the “electron pocket” is
derived from the finite momentum broadening along k-
perpendicular due to final states effect as described above
[25]. In order to estimate the Fermi momentum (kF ) from
4FIG. 2: (a) Experimental band structure in the Γ-X direction of the La0.6Sr0.4MnO3 thin film obtained from the ARPES
measurements. Dark parts correspond to the energy bands. (b) The band-structure calculation for LSMO using the local
density approximation including on-site Coulomb interactions (LDA + U , U = 2.0 eV). Solid and broken lines correspond to
majority and minority bands, respectively.
the ARPES experiment in more detail, we plot the an-
gular distribution function (n(θ)) and the absolute value
of its differential curve (|dn(θ)/dθ|) in Fig. 4(b), where
n(θ) is defined as the ARPES spectral intensity near EF
integrated from −150 meV to 150 meV with respect to
EF . We have estimated kF to be −0.25 A˚
−1 and 0.27
A˚−1 (θ = 16.8◦ and 23.6◦) measured from Γ103 point by
taking the maximum point of |dn(θ)/dθ| [26]. The values
are in good agreement with kF ’s determined by extrapo-
lating the energy position of the dispersive feature in the
ARPES spectra. From these results, it is inferred that
the band calculation serves as a good approximation in
describing the Fermi surface of LSMO.
Figure 5 shows comparison of the experimental band
structure near EF obtained from the present ARPES
spectra with the LDA+U band-structure calculation.
The experimental band structure shows qualitatively
good agreement with the band-structure calculation. In
the calculation, the band forming the electron FS is as-
cribed to the Mn 3d(3x2 − r2) states, while the weakly
dispersive bands below the binding energy of 0.9 eV have
substantial Mn 3dt2g character. Besides the dispersive
bands, there is a flat band at the binding energy of 1.5 eV,
which is assigned to the Mn-3d band originated in y2−z2
orbital (see also Fig. 2). While the 3d(y2 − z2) derived
band shows excellent agreement between the experiment
and the calculation, the experimental bands near EF are
substantially different from the band-structure calcula-
tion; the energy position of band B at the X point shifts
to higher binding energy by about 0.5 eV, and the bot-
tom of the conduction band (band A), which forms an
electron FS centered at the Γ point in the calculation,
also shifts to the higher binding energy by 0.8 eV.
The possible explanation for the upward shift of
conduction-band minima is the renormalization effect
due to Coulomb interaction. While the experimental kF
and the calculated kF agree with each other in LSMO,
the considerable narrowing of the conduction band sug-
gests the importance of renormalization effect due to
the strong electron correlation, which is not included in
the band calculation. The vanishing or very small spec-
tral weight at EF and the anomalously broad ARPES
spectral features shows close similarity to the previous
ARPES spectra of layered manganites [27, 28, 29]. The
significant suppression of ARPES spectral weight in the
near-EF region is also reminiscent of the pseudogap for-
maion at EF in angle-integrated PES [19, 30] as well as
the strong suppression of Drude peak in the optical mea-
5FIG. 3: The ARPES spectra near EF of a La0.6Sr0.4MnO3
thin film in an enlarged binding energy scale measured around
the Γ103 point. ARPES spectra show two bands: dispersive
band A and relatively weak dispersive band B. Solid and open
triangles and question marks represent the energy positions of
prominent, medium, and weak structures, respectively. The
energy positions are determined by the second derivative spec-
tra.
FIG. 4: (a) ARPES spectra of θ = 18◦ (inside the “electron
pocket”) and θ = 15.6◦ (outside the “electron pocket”), to-
gether with photoemission spectrum of gold taken with almost
the same experimental conditions. (b) An angular distribu-
tion curve (n(θ)) obtained by plotting the ARPES intensity
integrated from −150 meV to +150 meV with respect to EF
as a function of θ, together with absolute value of its differ-
ential curve (|dn(θ)/dθ|). Arrows represent the maximum of
|dn(θ)/dθ| indicative of the Fermi momenta.
surements [31, 32, 33], while weak but distinct Fermi-
edge cutoff is clearly observed in three-dimensional per-
ovskite manganites [19, 34].
The presence of the pseudogap at EF seems to
be a phenomenon in PES spectra of two- and three-
dimensional manganites. It is reported in the ARPES
study of layered manganites that the pseudogap origi-
nates from charge density wave (CDW) in cooperation
with the JT distortion, since the nesting vector estimated
from the ARPES measurements is in line with an addi-
tional superlattice reflection observed in x-ray scattering
experiments on the layered materials [29, 35]. However,
such a CDW instability is hardly expected in the three-
6FIG. 5: Comparison of the band structure near EF of LSMO
thin films around the Γ103 point between (a) experimental
band structure near EF determined by the present ARPES
and (b) the band-structure calculation. The peak positions of
the band A and B in the ARPES spectra (Fig. 3) are super-
imposed in the calculation with red and blue marks, respec-
tively. Solid and open triangles and question marks repre-
sent prominent, medium, and weak structure in the ARPES
spectra shown in Fig. 3, respectively. The Fermi momenta
determined by ADC (Fig. 4(b)) are also shown by arrows. In
the calculation, the bands labeled by A’ and C’ are assigned
to the Mn 3deg states originated in 3x
2 − r2 and y2 − z2 or-
bitals, respectively, while the band B’ is ascribed to be Mn
3dt2g states. Here, z-axis direction is defined as the direction
perpendicular to the film surface, while ARPES measurement
is performed along x-axis direction.
dimensional materials. In fact, the calculated FS has no
parallel FS portion responsible for CDW instability. This
argument is further supported by the absence of any su-
perlattice spots in manganites with a three-dimensional
perovskite structure [35]. These results suggest that the
coupling of electrons to a local mode such as JT distor-
tion may play a dominant role in the pseudogap behavior
of the ARPES spectra of LSMO. In order to investigate
the unusual behaviors of the ARPES spectra of man-
ganites, systematic ARPES studies as a function of hole
concentration and/or temperature are needed.
IV. CONCLUSION
We have performed an in situ angle-resolved pho-
toemission spectroscopy (ARPES) on single-crystal sur-
faces of La0.6Sr0.4MnO3 (LSMO) thin films to investi-
gate the complicated electronic structure near the Fermi
level (EF ). The valence-band structure consisting of
the O 2p and Mn 3d states shows a qualitatively good
agreement between the ARPES experiment and band-
structure calculation based on LDA+U . ARPES spectra
near EF around the Γ point show a dispersive band near
EF indicative of an electron pocket centered at the Γ
point, though it is not so clearly resolved as an electron
pocket due to the strong suppression of spectral weight
in the vicinity of EF . Compared with the LDA+U band-
structure calculation, the dispersive conduction band is
assigned to the Mn 3deg majority band responsible for
the half-metallic nature of LSMO. We have found that
the estimated size of the electron FS closely agrees with
the band-structure calculation, while the width of con-
duction band is significantly renormalized by the many-
body interactions, reflecting the unusual physical prop-
erties of the manganites.
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